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ABSTRACT 



A current sensing amplifier for detecting a small current 
difference between a pair of variable resistance loads com- 
prises a first amplifier and a second amplifier. The first 
amplifier comprises a voltage clamp including first and 
second outputs, the voltage clamp being coupled to the pair 
of variable resistance loads and substantially fixing a pre- 
determined voltage across the variable resistance loads, the 
voltage clamp transferring the measured current difference 
to the first and second outputs. The first amplifier further 
includes a differential current source coupled to the first and 
second outputs. The second amplifier includes first and 
second inputs and an output, the first and second inputs 
being coupled to the first and second outputs, respectively, 
of the first amplifier. The current sensing amplifier delects 
small positive and/or negative differences in current devel- 
oped between two variable resistance loads and converts I he 
current difference into an output signal commensurate with 
standard CMOS logic levels. Sensing speeds are improved 
further by equalizing predetermined internal nodes of the 
sensing amplifier prior lo sensing a new signal. 

23 Claims, 13 Drawing Sheets 
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CURRENT SENSING AMPUPTER physical area of the sensing amplifier, and the overall 
sensitivity of the circuit to device mismatches and other 

STATEMENT OF GOVERNMENT RIGHTS environmental factors. These and other improvements are 

„ . . . , ... „ , ul i o -ibL 1 in pai by the integration t 

rhK 11 1 >r . t whtn.r r n , , l( , b . a , u s |fiek1etTect nsistor (FET) d c n 

grant contract number MDA972-96-C-0030 awarded by the cqualizalion FET devices , llie improvcd current sensing 

Del. > sc A Ivanc i Resca ch 1 rc „ cts Agenej (DARPA) of Ufm of , hc , invention can bc employed in a 

the U.S. Department oi Defense, Tne Government has wjdcr range of scnsing and mcasurement applications than 

certain rights in the invention. just in MTJ based memories. In general, the invention may. 

) be applied to the detection of positive and negative signal 
differences arising between any two resistive loads. 

1. Field of the Invention In accordance with one embodiment of the present 

The present invention relates generally to current sensing invention, a current ;ei i implifier is provided which 

circuits, and more particularly relates to a two-stage current comprises a first amplifier, for detecting small differences in 

s sin lm ifier t j ble of'dete ting mall liffere cc ,i 1 ttrrent betweei )air< sist to i v. rn< t d hud , 

cu nl between tw esist a conn d to the plifier md a d implifiei i. i r iced g i nd 

■> Description of the Prior Art CM0S 0Ul P m vo!ta S c lcvois ' m> firs! amplifier includes a 

., , . , . , „ , , voltage clamp operatively connected to a pair of variable 

As described in the article entitled "A 10 ns Read and k)ads > %e v J lage clarnp substoBlia „ v f lxcs a 

Wnte Non-Volatile Memory Array Using a ^Magnetic Tunnel kK , n c It .cross the variable resistanc-e loads 

Junction and FhT Switch in Each Cell" (ISSCC 2000, ^ translates , ^ djfference between lhe ^ 

Scheuerlem el al.), recent advances in magnetic materials ^ Qn a mode current ^ imo a mca ^ r . 

have made magnetic memones, which employ a Magnenc vo , Jhe firs( ^ ioMs a 

runnel Junction (M I J) memory element m each memory curren( tivel connected t0 the voltage darnp . 

cell viable contenders for the ^-volatile memory market. 35 ^ currem MUrCe fo a consl3 „ t ourrent t0 the pair of 

I , sir tble char ctensti, s oi M 1 1 based memones include variab]c resjstance , oad such thal , he currents 5n ea< f h load 

high integration density, high speed, low read power, and anj substantia)] al to each olher . The am Mer fa 

S I-R immun tv ( eatures like these could also advantage f a ' jn cQnfi as a 

] J ;; aS ^ ™T™ T t mem0 ^ markCtS d0ml - tional differential amplifier capable of providing standard 

nated by SRAM and DRAM technology. However, m order 30 CM0S ou(pu f leve]s 

"or an M jj based rnemorv to . ompcte with these other „„ , , , - , , . 

1 technologies, its ccess time must be and other ,UJlu " .advantages ol tl , 

reduced. The present state-of-the-art read access time is "10 present invention W ill become apparent trom the toltowmg 

ns," as noted in the paper bv Scheuerlein et al. noted above. de ' M ' ed f scnptior, of .llustraUve embodiments thereof, 

It is primarily dominated by the time required for sense « which > s k \ be rca f, m <*»nect,on with the accompanying 

inn U rc is to detect the binary tate< th a. tored « wm S ^ \ ' ° mCE , ( v ie ted by identical 

in The individual , lemory ceils, once the cells have been re&renco oumerals throughout the several views, 

selected for read access within the memory array grid. BRIEF DESCRIPTION OF THE DRAWINGS 

There remains a need, therefore, in the field of current FIG. 1 is a block-diagram illustrating a current sensing 

sensing circuitry, for a current sensing amplifier that not only 4 o amplifier formed in accordance with a preferred embodi- 

sigmficantly reduces sensing time, but also reduces the ment 0 f the present invention. 

P? werc tmed inth ensing operation urthermore riG 2 , a electrical schematic diagram illustrating one 

there ,s a need in the prior art tor a current sensing amplifier cinbodimem of , he currcnt sensi am ]ifier d ictcd - m 

that can be fabricated on a semiconductor chip using pj Q ^ or 

reduced physical area and having a reduced sensitivity to 45 *' \ . ... .... 

device mismatches, among other environmental factors. 1 representation llust. mng m , utput 

characteristic curve tor a modified version of the current 

OBJECTS AND SUMMARY OF THE source/load implementation shown in FIG. 2. 

INVENTION FIG. 4 is an electrical schematic diagram illustrating 
another embodiment of the current sensing amplifier formed 

Its obj f the present invet i to provide a sensing , ccor( Ke with the presen v tit , hich the 

amplifier that detects small variations m current between current source/load implementation comprises a pair of 

two resistances. symmetrical, self-biased current mirrors. 

It is another object of the present invention to provide a FIG. 5 is an electrical schematic diagram illustrating a 

sensing amplifier that performs a high speed current com- preferred embodiment of the current sensing amplifier of the 

parison between the two resistances. * " present invention, in which the preamplifier implementation 

It is yet another object of the present invention lo provide comprises equalization circuitry, 

a current sensing amplifier having a symmetrical configu- FIG. 6 is a graphical representation illustrating a transient 

ration to reduce the effects of integrated circuit processing response characteristic of the preamplifier depicted hi FIG. 

and related variations. 60 5, in response to a predetermined equalization signal. 

It is a further object of the present invention to provide a IK; 7 is ar electrical schematic diagn n illustrating > 

current sensing amplifier that is small in physical area and preferred embodiment of the current sensing amplifier 

consumes a^substantially small amount of power. formed in accordance with the present invention, wherein 

The present invention revolutionizes the field of current the sense amplifier includes a latch circuit, 

sensing by providing a current sensing amplifier that not 65 FIG. 8 is a logical timing diagram illustrating the logic 

mu s t,m''< t n \ icd' i the overall sense tim but also •. t^. <,' » i. i ,s td •■ < t 'Ik- i dm ut ' r n-> -n v » n r 

reduces the power consumed in the sensing operation, the depicted in FIG. 7, with respect to time. 
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FIG. 9 is an electrical schematic diagram illustrating an transistor implementations of FIG. 1 are described with 

alternative embodiment of the current sensing amplifier, reference to FIGS. 2, 4, 5* 7, and 9. 

formed in accordance with the present invention, wherein As shown in FIG. 1, the preamplifier 106 preferably 

the differential amplifier implementation comprises hyster- includes a voltage clamp 110 operatively connected to a 

esis circuitry. s corresponding current source/load 108. The junction of the 

FIG. 10 is a graphical representation illustrating an output current source/load 108 and the voltage clamp 110 prefer- 

transl'er response of the differential amplifier depicted in ably forms the differential output 112, 114 of the preampli- 

FIG. 9. fier 106. Furthermore, the voltage clamp 110 is preferably 

FIG. 11 is a block diagram illustrating an example appli- coupled to the variable resistance load pair, Rl and R2, at the 

cation of the current sensing amplifier, formed in accordance 10 inputs to the preamplifier 106, formed by nodes 116 and 118 

with the present invention, wherein the current sensing respectively. 

amplifier Ls operatively connected in a memory system for As discussed above, within the preamplifier 106, the 

reading the state of one or more twin memory cells in a voltage clamp 110 preferably extracts a current difference AI 

memory array. fipm the variible resistance loads, Rl and R2, by fixing the 

FIG. 12 is a block diagram illustrating an example appli- 15 voltage °n ™pm nodes 116 and 118 to substantially the same 

cation of the current sensing amplifier, formed in accordance value, thus forcing the voltage drops across the resistance 

with the present invention, wherein the current sensing loads R1.R2 to be essentially equal. As appreciated by those 

amplifier is operatively connected in a memory system for silled in the art, less current will flow through the load 

reading the state of one or more memory cells in a memory „ having the higher resistance, and vice versa. Ideally, the 

array, used in conjunction with one or more reference voltages across the two variable resistance loads Rl, R2 are 

memory cells. exactly matched, thus any slight variation in current between 

the two loads would directly correspond to a difference in 

DETAILED DESCRIPTION OF THE resistance between the loads. Although the voltage drops 

PREFERRED EMBODIMENTS across the two resistance loads Rl, R2 are typically never 

FIG. 1 is a block diagram which generally illustrates a * P recisd >' ec f al - il « important that these two voltage drops 

simple current sensing amplifier formed in accordance with be as closely matched as possible, thereby increasing the 

one embodiment of the present invention. Preferably, the overalL sensitivity of the current sensing amplifier 102. 

current sensing amplifier performs a high speed current An important function of the current source/load 108 is to 

comparison between a pair of variable resistance loads, , 0 preferably provide substantially constant and equally 

designated as Rl and R2. operatively connected to the ~ matched reference currents II, 12 in each of the load 

sensing amplifier. As appreciated by those skilled in the art, resistances Rl, R2 respectively. The voltage clamp 110, 

assuming the voltage across both load resistances (e.g., Rl furthermore, transfers the reference currents II and 12 to the 

and R2) is substantially the same, then any difference in current source/load 108 where the aforementioned current 

cut nt between the t o resist ic Rl R2 will indicat a Hffcrenc AI between the two resista < 1 ds Rl R2 is 

difference in resistance between the loads. For example, converted to a voltage difference across nodes 112 and 114, 

given a fixed voltage across the resistance load pair Rl, R2, wm'ch is then preferably amplified by the differential ampli- 

if a current II flowing through load Rl is greater than a fier 1M, 

current 12 flowing through load R2, the resistance of load R2 As discussed above, the differential amplifier 104 prefer- 

must be greater than the resistance of load Rl. In this m ably amplifies the voltage difference signal produced at She 

mariner, the present invention can preferably be used io ' ..ulputs 112, 114 ol the preamplifier 106 Uuer-iltv. die 

measure small differences in resistance between two van- preamplifier 106 does not generate a large enough voltage 

able resistance loads operatively connected to the current swing to properly drive a CMOS logic device, 

sensing amplifier. Consequently, the forward gain of the current sensing ampli- 

With continued reference to FIG. 1, the current sensing 45 fier 100 is developed in stages, first through preamplifier 106 

amplifier 100 preferably comprises a preamplifier 106 and a and then through the differential amplifier 104. The differ- 

Iw^.i,, ar'piKiUM l l t ^..hlttWi } d.'ahK ential amplilie 104 dso impio\cs tht lew ate ill 

configured as a current differential amplifier that is capable current sensing amplifier output signal, thus decreasing the 

of detecting small differences in current flowing through a amount of time that subsequent CMOS logic devices, driven 

differential input of the preamplifier. These small differences so by the current sensing amplifier 100, spend in a transition 

in current are preferably translated into a voltage difference state. 

by the preamplifier 106, which is subsequently amplified by In the context of the present discussion, the term "variable 

the differential amplifier 104 operatively coupled to a dif- resistance load" (Rl and R2) connotes that the resistance of 

ferential output 112, 114 of the preamplifier 106. The the loads Rl, R2 may be a function one or more state 

differential amplifier 104 is preferably a conventional single- 55 variables. An example will serve to develop this concept 

stage differential amplifier, as known by those skilled in the more clearly. A magnetic tunnel junction device (MTJ) can 

art, although oilier suitable voltage amplifier configurations be used as a storage element in a compact memory cell, since 

may be employed. Preferably, the differential amplifier 104 the state of its free magnetic moment, at least in part, 

provides an output voltage level capable ol" driving one or determines its resistance. A detailed discussion of the MTJ 

more CMOS logic devices. 60 device may be found, for example, in U.S. Pat. No. 5,640, 

At this level of abstraction, it should be noted that one 343 to Gallagher et al, and thus will not be presented herein. 

po t t! t dist 1 tion between! .r 1 limentofth m-sui if 1 ver otht tate varia , 1 h s temperalun in 1 

n ntion if tofth priorart(i p irt< '''iiSPi N« applied ltage, ma> ilso inlluen he t m ic< lie 1 

5,793,697), relates to the addition of timing signals and the the MTJ device. Thus, particularly ii memory applications, 

removal of certain reference signals which feed the pream- 65 it is important that these variables be regulated adequately, 

plifier 106 and the differential amplifier 104 of FIG. 1. A number of variations of, or modifications to, the present 

Further topological differences will become apparent as the invention are contemplated which aim to optimize different 
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design criteria, such as speed, physical compactness, power 
consumption, and noise immunity. For example, a sense 
amplifier with a fully symmetric current source/load 108 can 
achieve higher speed and greater transient noise immunity 
than amplifier with an asymmetric current source/load, but 
the amplifier with the asymmetric current source/load is 
typically more compact than the amplifier with the symmet- 
ric current source/load 108. It is also contemplated that 
reference/bias voltages and/or timing actuation signals may 
be supplied to the subcomponents of the sense amplifier 100 
to improve one or more aspects of the overall design. For 
example, the differential amplifier 104, current source/load 
108 and voltage clamp 110 may receive reference and timing 
signals 122, 124 and 126, respectively. Further design 
tradeoffs will be revealed herein below as transistor level 
embodiments of the invention are discussed. The preampli- 
fier 106 will now be described in greater detail. 

FIG. 2 illustrates an electrical schematic diagram of one 
embodiment of a current sensing amplifier 200 formed in 
accordance with the present invention. With reference to 
FIG. 2, the current sensing amplifier 200 preferably com- 
prises a preamplifier 202, having differential input nodes 
216, 218 and differential output nodes 212, 214. The current 
sensing amplifier 200 further comprises a conventional 
differential amplifier 204, preferably having a differential 
input, connected to output nodes 212, 214 of the preampli- 
fier 202, and a single-ended output 220, although other 
amplifier configurations are similarly contemplated. It 
should be appreciated that the output 220 of the differential 
amplifier 204 may be connected to subsequent amplification 
or logic stages, such as, for example, a simple CMOS 
inverter 206, in order to further shape the output signal as 
required for a particular application (e.g., providing 
enhanced slew rale, voltage level shifting, etc.) It should be 
emphasized that, although a CMOS inverter 206 is 
employed in FIG. 2, the present invention does not preclude 
the use of other logic devices or circuits, such as 
multiplexers, latches, tri-state devices/circuits, or the like, 
either in place of the inverter 206 or in combination there- 
with. 

With continued reference to FIG. 2, the voltage clamp of 
the preamplifier 202 is preferably realized as a pair of 
n-channel field effect transistor (NFET) devices 228, 230, 
although other suitable devices (e.g., bipolar junction 
transistors, etc.) or configurations are contemplated by the 
present invention. The NFET pair 228, 230 is preferably 
connected in such a manner that the gate terminals of each 
device are connected together at node 224 and me source 
terminals of each device 228, 230 form the differential 
inputs 218, 216 respectively of the preamplifier 202. As 
discussed above, the two variable resistance loads to be 
measured, namely, Rl and R2, are connected to the differ- 
ential inputs 216, 218 respectively, of the preamplifier 202. 

Preferably, in order to establish a predetermined fixed 
operating voltage across the two variable resistance loads 
Rl, R2, a bias voltage "rbias" is connected to the common : 
gate node 224 of the voltage clamp devices 228, 230. The 
desired bias voltage is preferably externally generated, 
either off-chip or on-chip, by a suitable reference generator 
or bias source (not shown). Alternatively, the present inven- 
tion contemplates that the desired bias voltage, rbias, may be , 
generated locally, within the preamplifier cell 202 itself (not 
shown), as appreciated by those skilled in the art. Suitable 
reference generators for use with the present invention are 
well known in the art and include, for example, bandgap 
references, threshold voltage (V,) references, etc. , 

As previously mentioned, the bias voltage, ibias, should 
be substantially constant in order to regulate the voltage 



drop across the variable resistance load pair Rl, R2. 
Preferably, the bias generator signal (rbias) provides enough 
gate-to-source voltage (V ) overdrive to the voltage clamp 
NFET devices 228, 230 such that the NFET devices 228, 

; 230 sustain bias currents II and 12 through the resistance 
load pair Rl, R2 respectively. 

In the embodiment of FIG. 2, the current source/load is 
preferably realized as a pair of p-channel field effect tran- 
sistor (PFET) devices, 208 and 210, configured as a simple 

3 current mirror. The simple current mirror configuration 
generally provides the most compact circuit design. 
However, the present invention similarly contemplates using 
other types of transistor devices or circuit configurations for 
the current source/load. As is well known by those skilled in 

5 the art, the simple FET current mirror typically comprises a 
pair of FET devices connected with the source terminals in 
common and the gate terminals in common, and wherein one 
of the two FET devices, generally designated as the refer- 
ence device, is connected in a diode configuration (i.e., gate 
and drain terminals connected in common). A detailed 
discussion of current mirror topologies and their operation in 
general is provided, for example, in the text CMOS Analog 
Circuit Design, by Phillip E. Allen and Douglas R. Holberg, 
pp. 227-239 (Holt, Rineharl and Winston, Inc., 1987), and 

5 will therefore not be presented herein. 

Comprising only four transistors (i.e., 208, 210, 228, 
230), the preamplifier 202 preferably serves at least three 
critical functions in the current sensing amplifier 200: 1) 
clamping the voltage across the variable resistance pair, Rl 

3 and R2, to a desired value; 2) providing a source of current, 
II and 12, to the variable resistance load pair Rl, R2; and 3) 
translating a current difference passing through the variable 
resistance load pair into a voltage difference while providing 
an amplified differential voltage signal level at the outputs 

5 212, 214 of the preamplifier 202. A more detailed discussion 
of these three functions is presented herein below, using, as 
an example, the current sensing amplifier embodiment of 
FIG. 2. 

With continued reference to FIG. 2, the bias voltage, 

> rbias, in essence, adjusts the voltage at the inputs 216, 218 
of the current sensing amplifier 200 via the voltage clamp 
NFET devices 230 and 228, respectively. The voltage clamp 
NFETs 228, 230 are preferably operated in the saturation 
region so that the gale voltage of each NFET device 228, 230 

s substantially controls its source voltage, allowing its drain 
voltage to swing within a certain predefined range. Each 
variable resistance load (e.g., Rl, R2) within a particular 
load cell pair being sensed, essentially sees the full clamp 
voltage across it (i.e., from node 216 to ground, or from node 

> 218 to ground). 

As a consequence of the difference in resistance values 
between the resistance load pair Rl and R2, the currents 
passing through each side of the preamplifier 202 will be 
different. The difference in currents flowing through the two 

i resistance loads Rl, R2 is converted, at the outputs 212, 214 
of the preamplifier 202, into a difference in voltage primarily 
by the PFET devices 210 and 208, which function as current 
source/load for the voltage clamp stage. A first or reference 
bias current preferably traverses from the positive VDD 

) supply through PFET device 210, through NFET device 230, 
and finally into first variable resistance load Rl. Similarly, a 
second bias current preferably traverses from the VDD 
supply, through PFET 208, through NFET 228, and finally 
into second variable resistance load R2. The first current 

< path preferably establishes the operating point, or common 
mode voltage, of the preamplifier on output node 212. A 
beneficial consequence of the circuit topology shown in 



US 6,191,989 Bl 

7 8 

FIG. 2 is that the reference PFET device 210 is diode achieve an optimum balance between speed and noise 

connected, so the reference voltage established by it is immunity. The preamplifier preferably amplifies the equiva- 

rcstricted to a relatively narrow band of operation, even lent of a 20 mV signal (e.g., 10% AR at 200 mV) by a gain 

though the bias current through it may vary widely, of about eleven (llx) to achieve a desired 220 mV voltage 

As is known in the art, the source-to-drain and gate s deference signal across preamplifier output nodes 212 and 

voltage across a diode connected FET device varies as the M ^ differen.ial-to-single-ended 

square root of the current passing through it Hence, the conversion , the difl £ enlial a S mplifier 204 preferably ampli- 

drade connected PFET 210 estabhshes a reliable common fies me m< . Kn(x si al b a •„ of 6 . 5 10 ^ ao out t 

mode voltage to bias the differcnt.al amplifier 204, in signal of abou , L44 volls on the oulput node 2 20 of the 

accordance with the saturation current square law relation- '0 differential amp ]iticr 204. The final CMOS inverter gain 

ship (redefined in terms of VSD for PFET device 208) slage 2 06 preferably drives the output signal 222 of the 

shown below. current sensing amplifier 200 either to about 1 .8 volts or to 

zero volts, depending on the relative value of load resistance 

V 5 „=V^- (nulling from the d.ode connection) RJ wheQ comparcd (0 R2 (i.e., (he logic State of the 

v so =(i s „/K) l '~+|v,| 15 amplifier). The inverter 206 also provides increased output 
current source/sink capability for driving more heavily 

For the sake of this discussion, it can be assumed that the loaded nodes, or a greater number of devices connected to 

current II flowing through PFET device 210 includes only the output 222 of the current sensing amplifier 200 (i.e., 

n mode component while the current 12 flowing increased fan-out). 



through PFET device 208 includes both a common mode 20 From a performance standpoint, ideally, as previously 

component and a difference signal component Al (i.e., the discussed, the current source/load (configured as a current 

current difference information is substantially contained in mirror) provides a mirrored current that precisely matches 

current 12). During switching of preamplifier 202, when toe reference current established by the reference FET 

nodes 212 and 214 are substantially equal, the PFET device device. However, even if both FET devices in the current 

208 preferably operates in the saturation region by the nature 25 mirror are exactly matched, many factors may contribute to 

of its connection as a current mirror to reference PFET a mismatch between the two currents. One such contributing 

device 210. During this time, the current difference AI factor is a mismatch between the drain-to-source voltages 

passing through PFET device 208 sees a high differential (or (V rff ) of the two current mirror FET devices. Using the 

small signal) resistance, looking into output node 214, simple current mirror arrangement for the current source for 

and thus a high level of voltage gain. The current difference 30 preamplifier 202 of FIG. 2, as the high impedance output 

AI is thus transformed into a voltage difference, V dip that node 214 swings up and down in voltage, a mismatch will 

swings about a common mode voltage on output node 214, occur with respect to the other output node 212, which, due 

as set by the diode connected reference PFET device 210. at least in part to the diode connection, is fixed at a relatively 

The voltage difference, V rf ^ carries the desired signal, constant voltage. 

which can be at least approximately expressed as a function 35 Another disadvantage associated with the simple sell- 

of the current difference AI and the differential resistance, biasing current source scheme of FIG. 2, is that the low 

R^ on output node 214 as follows: impedance output node 212 is loaded by the additional gate 

capacitance of PFET devices 208 and 210, in comparison to 

v rf<J - IW'AI and AM1-I2 output node 214. The asymmetry introduced by the differ- 

_ r ... » t 40 ences in capacitance between the two output nodes 212, 214 

,r<b k oJ ; ^ p reamp ijg er 202 results in a current sensing amplifier 

where g^ is the small signal transconductance of voltage that is more sensitive to transient noise phenomena, such as, 

clamp NFET device 228, r^- is the small signal drain-to- for example, coupling. Of course, asymmetries of this type 

source resistance of voltage clamp NFET device 228, and will ultimately degrade the speed of current sense amplifier 

r^jy, is the small signal drain-to-source resistance of mirror 45 200. Even so, its advantages of simplicity and compactness 

PFET device 208. may validate its use in some applications. 

By way of example, the combined small and large signal In order to minimize the amount of mismatching between 

operation of the current sensing amplifier 200 will be the reference current and the mirrored current, particularly in 

discussed, in relation to an exemplary response of the terms of its transient characteristics, a symmetrical arrangc- 

current sensing amplifier of FIG. 2. In the present example, so ment of the current source/load is preferably employed. In 

it is assumed that a CMOS process technology is used which an alternative embodiment of the present invention, the 

includes the following attributes: 1.8V CMOS; 0.18 um current source/load shown in FIG. 2 is preferably modified 

lithography; Leff=0.11 um; and 400 mV (NFET) and 500 by removing the diode connection (i.e., gate-to-drain 

mV (PFET) threshold voltages. A clamp voltage of 200 mV connection) on PFET device 210. Since this arrangement is 

is applied across the variable resistance loads (Rl, R2), 55 no longer self-biasing, an additional bias voltage, Lbias (not 

connected to the input nodes 216, 218 of the current sensing shown), must be supplied to the common gate node (no 

amplifier, by supplying an appropriate bias voltage, rbias, to longer connected to output node 212) of the PFET devices 

the common gate node 224 of the voltage clamp devices 208, 210, either by the same bias generator circuit supplying 

228, 230. the bias voltage rbias, or any other suitable bias source. The 

For simulation purposes, one of the two variable resis- 60 voltage level of the load bias signal preferably establishes a 

tance loads (Rl or R2) is assumed to have a resistance of 4K sottrce-to-drain conductance in the PFET devices 210, 208 

ohms, while the other variable resistance load is assumed to such that they are operating primarily in the saturation 

have a resistance of 4.4K ohms. Using the above parameters, region. Preferably, these PFET devices 210, 208 will only 

current source/load PFET devices 210 and 208 were found fall into the linear (i.e., non-saturation) region of operation 

to source 50 uA and 45 uA (II and 12), respectively, to the 65 when the difference current from the variable resistance load 

two variable resistance loads (Rl and R2). The voltage gain pair, Rl, R2, substantially exceeds the level required for 

is preferably staged within the current sensing amplifier to robust amplification. 
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In this manner, she capacitances on each of the two output It should be mentioned that, with continued reference to 

nodes 212, 214 will be the same, and hence the "high-to- the current sensing amplifier embodiment of FIG. 2, the 

low" or "low-to-high" transient response of the circuit will voltage on the output node 220 of the differential amplifier 

be essentially balanced, thus increasing the overall response 204 is less sensitive to fluctuations in the tail current bias 
time of the circuit. Unfortunately, the common mode oper- 5 voltage, abias, connected to the gate 226 of the tail current 

ating point of this embodiment will be less well defined than NFE f device 240, than what has been noted for the current 

if it had been established by a diode connected PFET device source/knob is vol »ge 1 is f the symmetric modifica- 

21 °- . , . , . tion to preamplifier 202. Tail current NFET device 240 

HG. 3 is a graphical representation illustrating how refcrably ms a bias cllrrent for the input differential stage, 

"ideal" amphhc tt.on , aclnev, d within the moditjed sym- * { , Nf , ( devices2 36, 238, Ihal fractionally divides 

metrica configuration of the preampl titer 202 of HG. 2. In , ,i - , 

general, FIG 3 shows a plot of the magnitude of dram ?^ 0rd . ]D & t0 .i he s1 & m! voh 5 CS P r ? s ! nt at Ihe 212 ' 
current v 



drain-to-sour fo sc to 1 Pi Li 214 ,° f ! b oVcT P! ' :f lf 204 V 1 lhC prPT C 7' 
.... for load PFET device 234 is set via reference PIE I device 



devices 208, 210. Bv I'txina the gate-to-source voltage of the ,„„ , ., , , ,, , . 

x c c 208,210,1 J ias oltag I .bias, preferably 232 - a d ' >* ' ,! f " rl 11 hNiL ' L f 24 » 

establishes a plateau for small signal amplification on the U results tn a proportional decrease in load current through 

output nodes 214, 212, respectively, of the preamplifier 202. PFET device 234. 

Small differences between the resistance load currents II Consequently, the symmetrical preamplifier arrangement 

and 12 ranging from about 5% to 20%, for example, are illustrated in FIG. 4 is a preferred embodiment for the 

preferably translated into more measurable voltage current sensing amplifier, formed in accordance with the 

differences, preferably by the high differential resistance of 20 present invention. In essence, the preferred current sensing 

the PFET devices 210 and 208, which arc primarily operated amplifier of FIG. 4 includes a preamplifier which combines 

in the- saturation region during amplifier switching. the symmetric modification to the current source/load of the 

With continued reference to FIG. 3, on the y-axis, which preamplifier shown in I-'IG. 2 with the self-biasing pream- 

represents the magnitude of drain-to-source current, signal plifier 202 of FIG. 2. 

currents II and 12 are decomposed into a common mode 2S With reference to FIG. 4, there is shown a symmetrical 
current component, l c , and a differential current component, current sensing amplifier 400 including a symmetrical 
AI. The differential current component, AI, is preferably preamplifier 402, having a self-biasing current source/load, 
superimposed onto the common mode current component, and a conventional differential amplifier 404, as described 
l c , and its sigt inii^ s th . i i sn«„i /alu >t Ul herein above with respect to FIG. 2. The symmetrical load 
compared with that of R2. As defined in FIG. 2, if the 30 preferably comprises two simple current mirrors (a discus- 
differential current component is negative (i.e., Il<12), then sion of which was presented herein above with reference to 
if follows that Rl is greater than R2. Similarly, if the FIG. 2), the first mirror comprising reference PFET device 
differential current component, AI, is positive (i.e., U>12), as 410 and corresponding mirror PFET device 408, and the 
shown in FIG. 3, Rl is smaller than R2. Likewise, it follows second mirror comprising reference PFET device 409 and 
that the sign of the differential voltage, AV, depicted on the 35 corresponding mirror PFET device 411. The two current 
x-axis, indicates the relative resistance ofRl compared with mirrors are preferably configured lo have reference and 
that of R2. mirror terminals cross-coupled with each other, so that 
It should be appreciated that, as shown in FIG. 3 and output node 412 connects to the gate and drain of the first 
li cuss d h i bovc hull ioi in lo i f ias current, reference PFET device 410, the gate of the first mirror PFET 
Tbias, of about 10%, for example, with respect to the 40 device 408, and the drain of the second mirror PFET device 
variable resistance load currents II and 12, may dramatically 411. Likewise, output node 414 connects to the gate and 
alter the common mode operating voltage, V c , developed drain of the second reference PFET device 409, the gate of 
across tin. current source/load ■ikswup; 2i0, 208 ot the the second mirror PFET device 411, and the drain of the first 
preamplifier 202 (see FIG. 2). As noted in FIG. 3, it would mirror PFET device 408. 

be preferable to set the load bias current to the average of II 45 The new current source/load topology introduces at least 
and 12 (or slightly less than the average). However, the load one properly which differentiates it from the arrangement 
and clamp bias voltages, Lbias and rbias respectively, which shown in FIG. 2. Specifically, the current source/load topol- 
in turn control the relative magnitude of lbias with respect ogy of preamplifier 402 will exhibit hystenais if the minor 
to the variable resistance load currents II and 12, have a PFET devices 408 and 411 have a greater device width-to- 
sg iK it iii rd< t tnd icy in 1 c 53 mni' trie pi ami hi r ) lemth tW ! ratio t i l> e ^oir ;i id ference PFET 
modification to FIG. 2. devices 409 and 410, respectively. The relative W/L ratios of 
As discussed above, load bias voltage, Lbias, preferably the reference and mirror PFET devices essentially determine 
sets and regulates the transeonductanee of current source/ the proportion of current Rowing through each PFET. For 
load PFET devices210, 208, while voltage clamp bias, rbias, example, a mirror PFET device having a W/L ratio that is 
preferably regulates the variable resistance load currents 11 55 twice thai of its reference PFET device will source approxi- 
and 12 through the variable resistance loads Rl and R2 mately twice the current of its reference PFET device, so 
respectively. The implication of the lorc^omjiis us* u v long is thi mirror and reference PFETs are operated sub- 
that t"e " i i < n i j li ti m 1 > f e j « '-pi i o Zi)2 st uti il, u rhi satur tion gi <n Vsst m ig th it 1 oth it 
shown in FIG. 2 essentially requires a relatively precise rent mirrors forming the current source/load of preamplifier 
reference voltage generator (not shown), which may involve 60 402 are sized accordingly, ihe output of the preamplifier 402 
considerable circuit complexity. What makes the symmetric will exhibit hysteresis as the circuit responds to various 
preamplifier design even more costly is that the reference levels of input currents II and 12. 

generator might have to be implemented locally, or perhaps As an illustration of hysteresis in the preamplifier 402, by 

even be incorporated into each current sensing amplifier ceil, way of example only, assume that the voltage at output node 

in order to minimize She effects of semiconductor process 55 414 of the preamplifier 402 is lower than that at output node 

variations, such as, for example, device threshold voltage 412— -thus for the preceding state of the preamplifier 402, 

shifts. input current 12 had exceeded input current il — and that the 
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W/L ratio of mirror PFET device 411 is twice that of 
reference PFET device 409 (Likewise for mirror and refer- 
ence PFET devices 408 and 410, respectively). Due to these 
prevailing conditions, the current mirror formed of PFET 
devices 409 and 411 sources the bulk of the current to output 
nodes 414 and 412, respectively, since reference PFET 
device 409 will have a larger source-to-gate voltage than 
reference PFET device 410. In saturation, mirror PFET 
device 411 will source approximately twice the current as 
reference PFET device 409. As a result of this current 
imbalance existing in the dominant current mirror (409, 
410), current II must be larger than current 12 to drive the 
preamplifier 402 to the opposite state, where the voltage on 
output node 412 is lower than that on output node 414. If the 
current difference between II and 12 is below a predeter- 
mined threshold, the current source/load (comprised of 
PFET devices 408-411) will resist attempts to change the 
output state of preamplifier 402. The above hysteresis expla- 
nation similarly holds true if it was assumed that the 
preamplifier 402 had started from the opposite state. 

It is to be appreciated that hysteresis may be undesirable 
for certain high speed sensing applications. Any inherent 
tendency for the preamplifier 402 to oppose an output state 
change may cause the amplifier to switch more slowly and 
to be less sensitive to input signal changes than it could 
otherwise be without hysteresis. Therefore, for such high 
speed sensing applications, in employing the preamplifier 
configuration of FIG. 4, hysteresis is preferably circum- 
vented by sizing the W/L ratios of the reference PFET 
devices 409 and 410 to be equal to or greater than that of the 
mirror PFET devices 411 and 408, respectively. 

The current sensing amplifier of the present invention 
may include additional circuitry for enhancing the perfor- 
mance thereof. For instance, in a preferred embodiment of 
the present invention, the preamplifier may include an 
equalization circuit for improving speed and settling time, 
among other advantages. FIGS. 5, 7, and 9 illustrate how one 
or more riming and reference signals may be integrated 
within the sense amplifier of the present invention to 
enhance the performance of the sense amplifier and mini- 
mize power consumption. 

FIG. 5 shows an equalization circuit 503 which is pref- 
erably implemented as a single NFET device 527 having its 
drain and source terminals coanected across the output 
nodes 512 and 514 respectively. In the preferred 
embodiment, the equalization NFET device 527 functions 
primarily as a voltage-controlled switch which, when acti- 
vated by applying an appropriate equalization signal to the 
gate terminal 529 of the equalization NFET device 527, 
essentially forces the two output nodes 512, 514 of the 
preamplifier 502 (and thus the inputs of the differential 
amplifier 504) to be substantially equal to each other. It is to 
be appreciated that, since the NFET device 527 is inherently 
bi-directional, it may also be connected with the drain and 
source terminals reversed. Furthermore, the present inven- 
tion contemplates that a PFET device, or any other suitable 
equivalent thereof, may be substituted for the NFET device 
527 by application of an appropriate equalization activation 
signal. 

One advantage of making the outputs 512, 514 of the 
preamplifier 502 substantially equal is that the sense ampli- 
fier 500 is preferably able to perform input signal compari- 
sons more quickly, as described in greater detail herein 
below using a memory cell application as an example. When 
the two input nodes 512, 514 of differential amplifier 504 are 
essentially connected together via equalization circuit 503, 
the differential amplifier output node 520 will preferably sit 
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at an intermediate voltage level, preferably midway between 
the positive (vdd) and negative (gnd) voltage supplies. The 
amount of voltage that the differential amplifier 504 must 
slew at its output node 520, in order to reach its correct 
output voltage state or level, will therefore be reduced, thus 
increasing the overall speed of the sense amplifier 500. 

With continued reference to FIG. 5, the equalization 
circuit 503 is shown integrated into the symmetric and 
self-biasing sense amplifier configuration of FIG. 4. By way 

10 of example only, a more detailed discussion of the equal- 
ization circuit embodiment of the present invention will be 
presented in relation to a memory cell sensing application. 
Prior to sensing the state of a memory cell (which is 
preferably represented as the variable resistance load pair Rl 

is and R2 previously discussed) each cycle, the equalization 
NFET device 527 is preferably asserted by an active high 
equalization pulse at the "equalize" input 529 of the pream- 
plifier 502. In response to the equalization pulse, the equal- 
ization circuit 503 preferably shorts (using the switch 

20 analogy) the output nodes 512 and 514 of the preamplifier 
502 together so that their voltages are substantially equal to 
each other. Using this approach, the equalization circuit 503, 
in essence, clears the intrinsic difference voltage of the prior 
memory read away, thus increasing the speed at which the 

25 memory cell can be sensed or read. Therefore, the memory 
cell only has to supply sufficient current over a short time 
period to bias output node voltages 512 and 514, until a 
sufficient voltage difference is developed between the output 
nodes 512, 514 to trigger the subsequent differential ampli- 

30 fier stage 501, thereby changing the slate of the sense 
amplifier. A graphical illustration of the typical transient 
characteristics of the output nodes 512, 514 of the pream- 
plifier 502, in response to an equalization pulse, is shown in 
FIG. 6. 

35 As previously mentioned, the shorting of the output nodes 
512 and 514 of the preamplifier 502 may cause the output 
node 520 of the differential amplifier 501 to rise to an 
intermediate voltage level between "gnd" and "vdd." As a 
consequence of this intermediate output voltage level, a 
subsequent device or circuit (e.g., inverter 505) connected to 
the output node 520 of the differential amplifier 504 may be 
biased such that a totem pole current flows in the circuit 
(e.g., through PFET device 519 and NFET device 521). Not 
only does thus current consume additional power, but it may 
also bias the output 522 of the sense amplifier 500 to an 
intermediate voltage level, thus causing subsequent stages to 
similarly consume additional power. Moreover, small noise- 
induced oscillations, superimposed on this intermediate out- 
put voltage pedestal, could cause subsequent stages to ring. 

To help avoid these undesirable effects, a latch circuit, or 
suitable equivalent (e.g., sample and hold, etc.), may be 
included in the sense amplifier 500, preferably following the 
output of the differential amplifier 504. In a conventional 
latch circuit, subsequent to the application of a latch signal 
or command, the input stage of the latch is preferably 
disabled and the output is essentially permanently held in its 
previous state (e.g., typically using a pasitive feedback 
arrangement) until the latch signal is disabled. In this 
manner, assuming the output of the differential amplifier is 
sampled at appropriate time intervals (i.e., when the output 
data is presumed to be valid), any ringing or noise present 
on the output of the differential amplifier, subsequent to 
latching the output state, will not be transferred to the output 
of the overall current sensing amplifier, thereby insuring the 
integrity of the output data. 

Numerous latch circuits and configurations are known by 
those skilled in the art and include, for example, flip-flops 
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and Sample-and-bokl circuits. In a preferred embodiment of node 717, and "wlatch" is asserted, node 750 will be pulled 

K o> rent set ig i iplili r th< 1 t u rcuit is preferably to ground and node 752 will rise toward "VDD," no matter 

used in place of the inverter stage 505, although it is to be what the prior state of the latch 748 had been. Once "wlatch" 

appreciated that one or more inverter stages may be inte- is disabled (driven to ground), the positive feedback of the 

grated with the latch circuit as well. At least one timing 5 latch 748 will maintain the state of nodes 750 and 752 until 

signal is preferably operatively connected to the latch circuit the next time data is sampled by the assertion of "wlatch". 

to enable the latch circuit to sample or strobe the signal on In the preferred embodiment described herein, the static 

the output node of the differential amplifier at specific time latch 748 is implemented as a pair of cross-coupled 

intervals, preferably after a predetermined settling time has inverters, although any suitable equivalent latch configura- 

occurred (i.e., after the output 520 has had sufficient time to to tion may be utilized, as appreciated by those skilled in the 

swing towards "veld" or "gnd," and thus further develop into art. 

a "1" or "0" logic level, respectively); As shown in FIG. 7, inverters 754 and 756 may be 

A preferred embodiment of a current sensing amplifier connected to the differential output nodes 750 and 752, 

which inc 1 des an < q taliz ition ind int grated latch circuit is respectively, of the overall latch circuit 705 to, among other 

depicted in FIG. 7. In addition, FIG. 7 illustrates how the J5 things, buffer the outputs 722, 723, respectively, of the 

differential amplifier of FIG. 1 may be modified to include current sensing amplifier 700. It is to be appreciated that the 

differential outputs 720 and 717, as appreciated by those present invention contemplates that equalization devices or 

skilled in the art. For example, in the text entitled CMOS circuits may be similarly connected between the latch output 

Analog Circuit Design, by Phillip Allen and Douglas Hoi- nodes, 750 and 752 (as in the preferred preamplifier embodi- 

berg (1987), page 352, a differential amplifier having dif- 20 merit of FIG, 4) to further improve the overall performance 

ferential outputs is presented. The distinction between the of the current sensing amplifier 700. 

topology described by Allen et al. and the differential A timing diagram for the current sensing amplifier of FIG. 

amplifier in the embodiment of FIG. 7 is that the stated text 7 is illustrated in FIG. 8. With reference to FIGS. 7 and 8, 

describes bow hysteresis is incorporated within the differ- the equalization of the preamplifier output nodes 712, 714 is 

ential amplifier (referred to as a comparator by Alien, et al.), 25 preferably triggered by a rising edge of the "equalize" puis*;, 

whereas in its use as differential amplifier 704, hysteresis is which, in turn, triggers the subsequent equalization of the 

not employed. The same circuit topology is used in differ- differential amplifier output nodes 720, 717. It should be 

ential amplifier 704 for its symmetrical structure, its self- noted that, with reference to the memory cell application 

biasing characteristic and its differential outputs 717, 720. example discussed above, equalization of the current sens- 

The present invention further contemplates that equalization 30 ing amplifier 700 is preferably initialed prior to the selection 

circuitry (not shown) may be included in the differential of the desired active memory cell by the decode logic (both 

amplifier 704, as similarly described above in connection word and bit lines). 

with the preamplifier of FIG. 5, to provide enhanced per- A falling edge of the "equalize" signal is preferably timed 

formance. to. be substantially coincident w ith the selection of the active 

With reference to FIG. 7, in this embodiment of the 35 memory cell by the decode logic (with reference, again, to 

differential amplifier 704, the self-biasing, symmetric cur- the memory cell application -^example). Once the; extent 

rent source/load topology, described above in connection sensing amplifier is released from equalization (i.e., the 

with tie p can ph< r >f I K 4 js ( kr- 1 !, employ <1 equal ze signal is disabled) toe < urrent v nsip 2 amplifier 

Hysteresis in the differentia! amplifier 704 is avoided by 700 is allowed to develop a difference voltage signal which 

sizing the PFET devices forming the current source/load 40 represents the state of the variable resistance load connected 

such "thai the W/L ratios of reference PFET devices 734 and thereto, first on the output nodes 712, 714 of the preamplifier 

736 are equal to or greater than the W/L ratios of mirror 702, then an amplified version of the difference signal is 

PFET devices 732 and 738, respectively, as discussed herein developed on the output nodes 720, 717 of the differential 

above. amplifier 704. After a sufficient voltage difference has devel- 

True and complement outputs, 720 and 717, of the dif- 45 oped across the differential amplifier output nodes, 720 and 
ferential amplifier 704 are preferably connected to and drive 717, the latch signal, wlatch, is preferably asserted, thereby 
the latch circuit 705, which, in the preferred embodiment, enabling the state of the amplifier to pass through to the 
comprises a differential input stage preferably: forihed of a :-ptttp\it of the latch circuit 705. Once the latch signal, wlatch, 
1 it oi Ml 1 on vices "41 id 74- Ilie voltage difference ^ becomes ina< ), the static latch 748 pref* ff'* 
between nodes 720 and 717 is sampled once ihe write latch 50 maintains or stores the state (voltage level) of the amplifier, 
signal, "wlatch," connected to NFET pass gates 744 and regardless of the input to the latch circuit 705. In essence, the 
746, is asserted high. Of course, the present invention sampled latch circuit 705 provides a means of decoupling 
similarly contemplates that other latch enabling configura- the current sensing amplifier output signal from the 
lions may be used, as known by those skilled in the art. Toe unwanted effects of, for example, the equalization process, 
assertion of "wlatch" effectively connects the input NFET 55 In order to conserve power, one or more components of 
devices 741, the two nodes 720 and 717 determines the tlte current, sensing amplifier 700 may be powered down at 
relative pulldown strength of NFE'ls 741 and 742. For predetermined time intervals during which no sensing opera- 
example if" node 720 is greater than 717, NFET 741 will sink tion is required, assuming the current sensing amplifier 700 
more current than NFET 742. The stored state of the static includes means for buffering the output from the input, such 
latch 748 is overwritten by tug of the most active NFET 60 as provided by the sampled latch circuit 705. For example, 
device, either 741 or 742. The pulldown leg comprising the differential amplifier 704 may be powered down, pref- 
NlLid Kf 741 md NFE'l dv ce 744 oi u Idc vn 1 , erably b em 5 its bias olta < 1 0 "1' (K 
co iprisingNFETdevic 742, no Mi F device "UV> isst^d addition oft gated bias signal "abias,' as shown in FIG 8 
to be stronger than the pullup PFET device 758 (or PFET illustrates how the differential amplifier 704 may be pow- 
device 760) of the static latch 748. The most active pulldown 65 ercd down during times of inactivity which could, for 
leg controls the state of nodes 750 and 752. 'Huts, for example, include dead times within a memory read cycle, 
example, if output node 720 has a higher voltage than output During its inactive phase, the "abias" signal is preferably 
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loweied 16 a voltage level below the threshold voltage (VT) FIG. 11 depicts a memory array 1110 comprised of a 

of the tail NFET device 740, although other powerdown plurah'ty of individual memory cells 1108 connected through 

approaches are similarly contemplated by the present inven- a bit selector 1106 to a current sensing amplifier 1100. It is 

tion. The present invention additionally contemplates other to be appreciated that, depending upon which embodiment 

notional blocks comprisin h rent nsing ar tier of the cur nl ensin amplifi >i pie ii ni )i i 

may be powered down in a similar manner to provide further used, a reference generator circuit 1104 and/or a timing 

power savings. For example, the preamplifier 702 may be generator circuit UAH may aisr be operatively connected to 

powered down, pre! ,bl v ting ll biassig 1 bias ie amphlu 1100 for suppl , th< ,ia s ial(s) 1124 

F1G.S llus lesanal , ivt mb mentofttu urn. nt ' 1,m '«' li ~ ft es I el > 18 Kt J u xl 

ensing amplifier of t pres , ent nw cl eludes it ! <^ r hh each dual mory eel HOSi s vo i ths « 

me ins foi p o^ iding equal nation and for reducing the lc 8 s for current to follow. The first current path, traced from 

n ctsol ntci rediatestat i ,d ri o. ization ri < tivt * ! V } oh (c id) to a first bit hn 

Will ferenc now k if 9 1 current se sim impl i r 1112 comprises an NFbl switch 1128 conn 

900 preferably comprises a preamplifier stage 902 with an with a variable resistor element Rl. The second current path, 

eq di Hion Nit! device 927 ( ,ut i hysteresis) M a « ^'ed 1 ™ 11 " volta S e > U PP'> 1 ' ond bit u 

differential amplifier 904. The differential amplifier 904 used m4 > comprises an KFE1 switch 1130 connected in series 

in this embodiment preferably includes hysteresis by appro- with a variable resistor element R2. Variable resistor Rl and 

priately sizing the FET dev'ices, as appreciated by those l!s complement resistor R2 may have two possible values, 

skilled in the art either R or R+AR - 711(1 dual menior y cell 1108 is preferably 

During equalization, the output nodes 912, 914 of the 20 written in such a way that the two variable resistors Rl and 

preamplifier 902 arc preferably connected together through « 2 always have opposite resistance values. Therefore, for 

the equalization NFET device 927. Unlike in the prior example, if variable resistor Rl is set to R, then variable 

embodiments of the differential amplifier previously dis- resistor R2 is set to R+AR. An active high signal on a 

cussed above, the output node 920 of the differential ampli- particular word line selects that row of memory cells con- 

fier with hvsteresis 904 (sec, e.g., CMOS Analog Circuit 25 °«*cd t0 sha! word line, and the active cell 1108 on each bit 

1 ign,\ Phillip All. i 1 Dei -Mb t987,| line may I elected 1 urnin its c e> ling NFET 

352)" preferably retains its prior state, thereby eliminating devices, 1128, 1130, for example. 

ntermed ite state enerati n, ince it s designed K re ist With continued reference to FIG. 11, the bit selector 1106, 
changes a! the input of the differential amplifier 904 until which may be implemented by a multiplexer, preferably 
c , Am) has developed at 30 connects a pair of bit lines, for example, 1112 and 1114, 
the output nodes 912, 914 of the preamplifier 902. As directly to the data input lines, 1116 and 1118, respectively, 
evident bv the graphical plot of output voltage -'out" (i.e.. ihai M the core current sensing amplifier 1100. The bit 
node 920) versus differential input vo age, AVin (i.e node selector U06 prefei M) comprises pass gate elements (e.g 
912-node 914), depided in FIG. 10, the differential ampli- FETs ) thai do not significantly alter the bit line voltages, so 
tier 904 does not change state until a sufficiently large 35 that circuit node 1116 has substantially same potential as bit 
voltage difference, bevond the equalization point, is* devel- hne 11.12, and likewise node 1118 has substantially the same 
ope d. potential as bit line 1114. It should be appreciated that, in 
To realize an adequate transient response for the overall accordance with the present invention, bitselector 1106 may 
current sensing amplifier 900 of FIG. 9, the. design objective include equalization circuitry, such that, just prior to per- 
is preferably to minimize the voltage difference required to 40 forming a current sensing operation, amplifier input nodes 
change the output from a "0" logic state to a "l" logic stale, "16. »U8 and/or the selected bit lines (e.g., 1112, 1114) 
defined as AVI in FIG. 10, and likewise to change the output may be temporarily connected together to achieve higher 
from a "I" logic state to a "0" logic state, defined as AV0 in reacl performance, as discussed previously in reference to the 
FIG. 10, all the while insuring under worst case process current sensing amplifier embodiment of FIG. 5. 
mismatch that the equalization process will not generate an 45 As discussed above in connection with the preamplifier 
intermediate output state, component of the current sensing amplifier of the present 

invention, input nodes 1116 and 1118 are essentially 

EXAMPLE clamped to a fixed voltage by the core Sensing amplifier 

. 1100. Thus, ideally the fixed voltage appears across the 

Memory Read Application ;p variaWc resisIors R1 and R2 of a sclccted mcmory ^ U08 . 

By way of example only, one application of the current The two currents, designated II and 12, preferably follow 

sensing amplifier formed i ccordance witl ihe p su t two separate bu ubstantially equal paths (onl eeing th 

invention, is illustrated in FIGS. .11 and 12, which depicts difference in the twin cell variable resistors) flowing from 

t ,t Cvrrv.n sensing in plifier configured with a mcmory the differential inputs 1116, 1118 of the sensing amplifier 

structure. In this application, the current sensing amplifier of 55 1100, through Ihe bit selector 1106, bit lines (e.g., 1112, 

the t t ntin entioi m<> be us 1 < sens the bi r> - .t tti4, ana 1 only d v. n . c h leg ,.1 tS. > ts; mding 

of one or more memory cells (either as a twin cell selected memory cell 1108. Since the variable resistors have 

arrangement, or as a single ceil" plus a reference cell high and low values associated. therewith, and the applied 

arrangement), with each memory cell preferably acting as voltage across each of them is substantially the same, a 

the variable resistance load to which the current sensing 60 difference in current, AI (e.g., 11-12), can be detected 

amplifier is connected rhe state oi Le < ion ell, in this between the separate legs of tt cell 1108 [Tie sign (i.e., 

case, may be defined as a predetermined change in resistance positive or negative) of Al holds the binary slats information 

of the cell. One example of a memot a li nudity nnse Co He pi ic > m nory cell b ng sensed Fei Jii this 

in et v tun eli i ti i MlJ)sk i e element onnecte s t s i foneiio 1 di cu an - n> v ification 

in series wish a FET selection switch. FIG. 11 describes a 55 scheme described herein. 

twin cell memory sensing configuration, while FIG. 12 It is to be appreciated that the current sensing amplifica- 

describes a single cell sensing arrangement, tion scheme may be divided into two principal components. 
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namely, the core current sensing amplifier 1100 and global 
support circuitry 1105, which may or may not be required. 
In a preferred memory system design, the current sensing 
amplifier 1100 and bit selector 1106 are replicated in accor- 
dance with the total bit width N, desired from the memory 5 
array 1110 to be sensed. A plurality of current sensing 
amplifiers may be driven by common global support cir- 
cuitry 1105. Alternatively, each current sensing amplifier 
1100 may be driven by its own corresponding support 
circuitry 1105. In either case, such support circuitry 1105 JQ 
preferably provides bias and timing signals to the current 
sensing amplifier 1100 in an area-efficient manner, thereby 
reducing the susceptibility of the overall memory system to 
process-dependent variations and errors. 

Actual grouping of circuits into core and support func- JS 
lions depends, at least in part, on internal power supply 
fluctuations (e.g., ground bounce) and device tracking issues 
such as threshold voltage and channel length mismatch, as 
appreciated by those skilled in the art. For example, voltage 
differences of 20 mV or less can cause an error in sensing , 0 
MTJ-based memory cells having a 200 mV bias voltage and 
a 10% magneto resistance difference. Thus, for example, in 
a single memory cell sensing arrangement, some reference 
generator circuits may reside within the current sensing 
amplifier, even though they can be theoretically shared -, 5 
among more than one sense amplifier. More sensitive ref- 
erence circuits may be replicated locally and shared among 
adjacent sensing amplifiers as desired, if not on a one for one 
basis with the amplifier stages. 

A single memory cell analog to the dual cell sensing 30 
approach of FIG. 11 is depicted in FIG. 12. In this scheme, 
one or more "dummy" reference cells 1209 is preferably 
included and operatively connected to one of the inputs of 
the current sensing amplifier 1200. The addition of the 
dummy reference cell 1209 is required in order to provide 35 
reference currents to the current sensing amplifier 1200 so 
that the amplifier is preferably able to establish an internal 
reference signal midway between a logic "1" and a logic "0" 
to compare with an actual memory cell 1208 to be measured. 
In the example application of FIG. 12, the dummy reference 40 
cell 1209 is connected to the current sensing amplifier 1200 
through input node 1218 via bit selector 1206, in a similar 
manner as a memory cell 1208 is connected to input node 
1216 of the current sensing amplifier 1200. It is to be 
appreciated, however, that dummy reference cell 1209 may 45 
be integrated internally with the current sensing amplifier 
1200, and therefore connection via the bit selector 1206 may 
be eliminated. 

With continued reference to FIG. 12, a scheme is shown 
in which the current sensing amplifier 1200 is preferably 50 
used to detect the binary state of a single memory cell 1208, 
wherein the reference cells 1209 have been integrated within 
the memory array 1210 to further improve tracking and read 
performance. The reference bit line 1214, which connects 
the bit selector 1206 to the reference cells 1209, insures that 55 
a reference cell 1209 is connected to one of the input nodes 
(1216 or 1218) of the sense amplifier 1200, while the single 
memory cell to be measured is connected to other input of 
the sense amplifier 1200. 

A current sensing amplifier formed in accordance with the 60 
present invention detects small variations in current between 
at least two resistances, lite present invention provides a 
current sensing amplifier that is capable of high speed 
current comparison between the two resistances. 
Additionally, the present invention provides a current sens- 65 
ing amplifier that is small in physical dimensions, thereby 
being advantageously adapted for use in random access 



memory applications, where integrated circuit density is 
critical. Moreover, by employing a symmetrical configura- 
tion for the current sensing amplifier, in at least one aspect, 
the effects of integrated circuit processing variations arc 
reduced. 

Although illustrative embodiments of the present inven- 
tion have been described herein with reference to the accom- 
panying drawings, it is to be understood that the invention 
is not limited to those precise embodiments, and that various 
other changes and modifications may be effected therein by 
one skilled in the art without departing from the scope or 
spirit of the present invention. 

What is claimed is: 

1. A current sensing amplifier for detecting a current 
difference between a pair of variable resistance loads, said 
current sensing amplifier comprising: 

a first amplifier comprising: 
a voltage clamp including first and second outputs, said 
voltage clamp being operatively coupled to said pair 
of variable resistance loads, the voltage clamp sub- 
stantially fixing a predetermined voltage across said 
variable resistance loads and transferring said cur- 
rent difference to the first and second outputs; and 
a differential current source operatively coupled to the 
first and second outputs; and 
a second amplifier, said second amplifier including first 
and second inputs and an output, the first input being 
operatively coupled to the first output of said first 
amplifier and the second input being operatively 
coupled to the second output of said first amplifier. 

2. The current sensing amplifier of claim 1, further 
comprising a bias generator operatively coupled to said 
voltage clamp, the bias generator producing a predetermined 
bias output voltage that establishes an operating point of said 
voltage clamp. 

3. The current sensing amplifier of claim 2, wherein: 
the current source comprises first and second transistors, 

each of said first and second transistors having a gate, 
a source and a drain terminal, said first and second 
transistors being operatively connected together such 
that the current source generates a first reference cur- 
rent and a second reference current, said first and 
second reference currents being substantially equal to 
each other; and 
the voltage clamp comprises third and fourth transistors, 
each of said third and fourth transistors having a gate, 
a source and a drain terminal, the gate terminals of the 
third and fourth transistors being connected to said bias 
generator, the drain terminals of the third and fourth 
transistors being operatively connected to said current 
source, and the source terminals of the third and fourth 
transistors being operatively connected to said pair of 
variable resistance loads. 

4. The current sensing amplifier of claim 3, further 
comprising a second bias generator operatively connected to 
the gate terminals of said first and second transistors, said 
second bias generator producing a voltage which establishes 
a predetermined current value for said first and second 
reference currents. 

5. The current sensing amplifier of claim 1, further 
comprising a buffer including an input and an output, the 
input of said buffer being operatively connected to the output 
of said second amplifier. 

6. The current sensing amplifier of claim 1, wherein: 
said current source comprises first and second current 

mirrors, each of said first and second current mirrors 
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including firsi and second outputs and generating a 
reference current at said first output and a mirrored 
current at said second output, wherein the first output of 
said first amplifier is formed at the junction of the first 
output of the first current mirror and the second output 5 
of said second current mirror, and the second output of 
said first amplifier is formed at the junction of the 
second output of the first current mirror and the first 
output of the second current mirror. 

7. The current sensing amplifier of claim 6, wherein each 
of said first and second current mirrors includes a reference 
transistor and a mirror transistor, each of said reference and 
mirror transistors having a gate, a source, and a drain 
terminal, wherein in each of said first and second current 
mirrors, the source terminals of the reference and mirror 
transistors are connected to a positive voltage supply, the 15 
gate and drain terminals of the reference transistors and the 
gate terminal of the mirror transistor are connected together 
and form the first outputs of said first and second current 
mirrors, and the drain terminal of the mirror transistors form 
the second outputs of said first and second current mirrors. 20 

8. The current sensing amplifier of claim 1, further 
comprising: 

an equalization circuit operatively connected between 
said first and second outputs of the first amplifier, said 
equalization circuit substantially minimizing a voltage 2 s 
difference between said first and second outputs of said 
first amplifier in response to an equalization activation 
signal applied to said equalization circuit. 

9. The current sensing amplifier of claim 8, wherein said 
equalization circuit comprises an equalization transistor 30 
having a gate terminal, a drain terminal and a source 
terminal, the drain and source terminals of said equalization 
transistor being operatively connected to the first and second 
outputs of said first amplifier and said equalization activa- 
tion signal being applied to the gate of said equalization 35 



-, said pass transistor being operatively 
connected between the output of the second amplifier 
and the input of one of the inverters of said pair of 
inverters, said pass transistor substantially connecting 
the output of the second amplifier to the input of one of 
the inverters of said pair of inverters in response to said 
latch enable signal operatively coupled to said pass 



14. The current sensing amplifier of claim 12, further 
comprising a buffer circuit including an input and an output, 
the input of said buffer circuit being operatively coupled to 
the output of said latch circuit. 

15. The current sensing amplifier of claim 12, wherein 
said second amplifier includes a second output and said 
current sensing amplifier further comprises at least one 
equalization circuit operatively connected between at least 
one of: 

(i) said first and second outputs of the first amplifier; and 

(ii) said first and second outputs of the second amplifier, 
said at least one equalization circuit substantially minimiz- 
ing a voltage difference between said first and second 
outputs of at least one of said first amplifier and said second 
amplifier in response to an equalization activation signal 
applied to said at least one equalization circuit. 

16. The current sensing amplifier of claim 8, wherein said 
second amplifier includes hysteresis for minimizing a sen- 
sitivity of said second amplifier to changes at the outputs of 
said first amplifier. 

17. The current sensing amplifier of claim 2, further 



10. The current sensing amplifier of claim 1, wherein said 
second amplifier includes a second output and said current 
sensing amplifier further comprises: 

an equalization circuit operatively connected between 40 
said first and second outputs of the second amplifier, 
said equalization circuit substantially minimizing a 
voltage difference between said first and second outputs 
of said second amplifier in response to an equalization 
activation signal applied to said equalization circuit. 45 

11. The current sensing amplifier of claim 10, wherein 
said equalization circuit comprises an equalization transistor 
having a gate terminal, a drain terminal and a source 
terminal, the drain and source terminals of said equalization 
transistor being operatively connected to the first and second 50 
outputs of said second amplifier and said equalization acti- 
vation signal being applied to the gate of said equalization 



12. The current sensing amplifier of claim 1, further 
comprising: 55 

a latch circuit including an input and an output, the input 
of said latch circuit being operatively coupled to the 
output of said second amplifier, said latch circuit sam- 
pling a logic state at the input of said latch circuit and 
maintaining said logic state on the output of said latch 60 
circuit in response to a latch enable signal applied to 
said latch circuit. 

13. The current sensing amplifier of claim 12, wherein 
said latch circuit comprises: 

a pair of inverters, each inverter having an input and an 65 
output, the input of each inverter being operatively 
coupled to the output of the other inverter; and 



a power down circuit operatively connected to at least one 
of said first amplifier and said second amplifier, said 
power down circuit substantially reducing an operating 
current of said current sensing amplifier in response to 
a power down signal applied to said power down 
circuit. 

18. The current sensing amplifier of claim 17, wherein 
said power down circuit includes means for deactivating 
said bias generator in response to said power down signal. 

19. A memory system comprising: 

a plurality of memory cells operatively connected in an 
array, each of said memory cells having a first resis- 
tance value corresponding to a first logic state of said 
memory cell and a second resistance value correspond- 
ing to a second logic state of said memory cell; 

a bit selector operatively connected to said plurality of 
memory cells, said bit selector including at least one bit 
selector input and selecting at least one memory cell in 
response to a bit selection signal applied to said at least 
one bit selector input; 

a current sensing amplifier including first and second 
inputs and an output, the first and second inputs of said 
current sensing amplifier being operatively connected 
to at least one of said plurality of memory cells through 
said bit selector, said current sensing amplifier measur- 
ing a difference in resistance between a memory cell to 
be read and a reference cell, said memory cell to be read 
and said reference being operatively connected to the 
first and second inputs of said current sensing amplifier, 
said memory cell to be read being selected from said 
plurality of memory cells by an enable signal applied to 
the memory cell to be read, the output of said current 
sensing amplifier indicating a logic state of the memory 
cell to be read. 

20. The memory system of claim 19, wherein each of said 
plurality of memory cells comprises at least one magnetic 
tunnel junction device for storing a binary logic state of said 
memory cell. 
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21. The memory system of claim 19, wherein the current 
sensing amplifier further comprises: 

at least one timing signal input; and 

timing circuitry responsive to at least one timing signal 

applied to said at least one timing signal input, said * 

timing circuitry including at least one of: 

(i) a power down circuit operatively connected to the 
current sensing amplifier, said power down circuit 
substantially reducing an operating current of said JQ 
current sensing amplifier in response to said at least one 
timing signal applied to said power down circuit; and 

(ii) an equalization circuit operatively connected to the 
current sensing amplifier, said equalization circuit 
minimizing a voltage difference between at least one 15 
pair of predetermined internal nodes of said current 
sensing amplifier in response to said at least one timing 
signal applied to said equalization circuit. 

22. The memory system of claim 21, wherein said timing 
circuitry further includes a latch circuit including an input 2 o 
and an output, the input of said latch circuit being opera- 
tively coupled to said current sensing amplifier, said latch 
circuit sampling a logic state at the input of said latch circuit 
and maintaining said logic state on the output of said latch 



circuit in response to said at least one timing signal applied 
to said latch circuit. 

23. A current sensing amplifier for detecting a current 
difference between a pair of magnetic tunnel junction 
devices in a memory array, said current sensing amplifier 
comprising: 

a first amplifier comprising: 

a voltage clamp including first and second outputs, said 
voltage clamp being operatively coupled to said pair 
of magnetic tunnel junction devices, the voltage 
clamp substantially fixing a predetermined voltage 
across said magnetic tunnel junction devices and 
transferring said current difference to the first and 
second outputs; and 
a differential current source operatively coupled to she 
first and second outputs; and 
a second amplifier, said second amplifier including first 
and second inputs and an output, the first input being 
operatively coupled to the first output of said first 
amplifier and the second input being operatively 
coupled to the second output of said first amplifier. 



